our group has recently introduced the ejection fraction (EF) to global longitudinal strain (GLS) ratio (EFSR) for differentiating thickened hearts. This index showed a promising discriminating capacity in a mixed group consisting of CA and hypertrophic cardiomyopathy (HCM) patients in a pilot study. 10 It remains unclear, however, which of the above-mentioned parameters is the most accurate and should be used in everyday practice.
Therefore, the main objectives of this study were (1) to compare the accuracy of deformation-based and nondeformation-based quantifiable echocardiographic parameters for detecting CA in a population with thickened hearts, (2) to determine the "best" parameter(s) for the detection of CA in most challenging subgroups (EF>55% and mild hypertrophy ≤16 mm), and (3) to identify potential differences in accuracy of various parameters between AL and transthyretin-mediated amyloidosis (ATTR) amyloidosis.
Methods

Study Population
Forty patients with CA who have been diagnosed and followed up in the Departments of Cardiovascular Diseases, Radiology and Hematology of the University Hospital Leuven, Leuven, Belgium, from June 2007 till March 2016 have been enrolled in this study. All patients had (1) endomyocardial biopsy proven CA, (2) immune histology to characterize amyloid deposition type (light chain [AL] or transthyretin [ATTR] amyloidosis), and (3) a comprehensive echocardiographic examination within 1 week of the initial CA diagnosis and before any therapy was planned. Twenty-five of 40 patients with CA had undergone a detailed cardiovascular magnetic resonance study (Methods section in the Data Supplement). None of the patients experienced arrhythmias beyond occasional extra beats or had signs and symptoms of coronary artery disease.
We further included 40 patients with HCM matched to CA group for LV wall thickness. HCM phenotype was established according to recently published guidelines from the European Society of Cardiology (ESC). 11 All patients with HCM underwent a comprehensive echocardiographic examination and a detailed cardiovascular magnetic resonance study so as to further study HCM and exclude other pathologies, whereas 22 of them had also genetic analysis.
Finally, we enrolled a group of 20 patients with hypertrophic LV remodeling induced by isolated hypertension, defined as a repeatedly measured systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg or receiving optimal antihypertensive pharmacotherapy in the absence of valvular or metabolic disorders that could induce LV hypertrophy. 12 This group was thoroughly selected from several hundred hypertensive patients who are followed up in our institution based on the presence of LV hypertrophy and comparable demographic characteristics matching with the other 2 groups.
The study was approved by the Ethics Committee of the University Hospital Leuven and all participants gave written informed consent before inclusion.
Standard Echocardiographic Analysis-Traditional Echo Parameters
All analyses were performed at the end of the study using EchoPAC BT13 software (GE Vingmed Ultrasound, Horten, Norway). LV internal dimensions and wall thickness were assessed according to recent guidelines for chamber quantification. 13 EF and left atrial volume were measured with the biplane Simpson method in apical 4-and 2-chamber views, 13 with left atrial volume indexed over body surface area. LV mass and mass index (LVMI) were assessed through the Cube formula. 13 Myocardial volume was calculated as the ratio of LV mass over 1.05 (myocardial density).
14 Eccentricity index (ECC IND) was considered as the ratio of interventricular septum thickness Figure 1 . Cardiac deformation and its use in cardiac amyloidosis (CA). The left upper panel shows graphically the 3 normal cardiac strains, whereas the right upper panel shows their evolution in time. Lower panels provide clues for the calculation of basic deformation parameters for CA diagnosis. AVC indicates aortic valve closure; EDV, end-diastolic volume; EF, ejection fraction; EFSR, ejection fraction strain ratio; ESV, end-systolic volume; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; LV, left ventricle; MVC, mitral valve closure; RELAPS, relative apical sparing; and SAB, septal apical to base ratio.
at end diastole over the posterior wall thickness at end diastole. 13 Relative wall thickness was measured as the ratio of 2×posterior wall thickness at end diastole over LV end-diastolic diameter. Concentric hypertrophy (CONC HYP) was diagnosed in patients with relative wall thickness >0.42 and LV mass index >115 g/m 2 . 13 Myocardial contraction fraction was derived from the ratio of stroke volume over myocardial volume.
14 RV wall thickness was measured from subcostal views. A wall thicknesses >4 mm was considered indicative of RV hypertrophy. 13 Mitral inflow early (E) and late diastolic (A) velocities, the (E/A) ratio and deceleration time of E wave (DT) as well as the pulsed wave Tissue Doppler early diastolic mitral velocity (E′) of the lateral annulus were measured, according to previous guidelines. 15 Doppler tracings of the aortic and mitral valve were used to define end systole and end diastole. 13 All reported measurements were averaged over 3 cardiac cycles.
On the basis of the previous literature, 8, 9 the conventional parameters EF, ECC IND, CONC HYP, left atrial volume index, DT, and E/E′ were used for comparison with deformation-based indices.
Data on accuracy of voltage mass interaction in CA, 16 the existence of "sparkling" myocardium or RV hypertrophy will be reported, 6 ,7 but were not inserted into multiple comparisons because of the need of combining data from different modalities (ECG and ECHO), and their high interobserver variability and low accuracy.
2D Speckle-Tracking Strain Analysis
Strain measurements were performed offline as recommended ( Figure 1) . 17 EF was calculated based on the same 4-and 2-chamber cine loops, which were used for speckle tracking, additionally using the same frames for end diastole and end systole.
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Electrocardiography
A standard 12-lead ECG was recorded from each patient (25 mm/s, 0.1 mV/mm). The low voltage was defined as <0.5 mV QRS amplitudes for limb leads and <1.0 mV for precordial leads, whereas LV hypertrophy was deemed to be present if the sum of the S wave in V1 and the R wave in V5 or V6 is ≥3.5 mV. 8, 19 In addition, firstdegree atrioventricular block, bundle branch block patterns, along with Q waves and ST segment T-wave deviations were systematically searched in each ECG.
Statistical Analysis
Normality of data was tested using the Kolmogorov-Smirnov test. Summary statistics are presented as mean±SD for continuous variables and as percentages for categorical data. Comparisons between 2 groups were performed using a two tailed Student t test; for multiple groups a 1-way ANOVA with post hoc Bonferroni analysis was used. Comparison of categorical variables was assessed by a χ 2 test. To define cut-off values of different parameters for the diagnosis of CA in our increased wall thickness population (EF, ECC IND, CONC HYP, left atrial volume index, DT, E/E′, GLS, global circumferential strain, GRS, relative apical sparing, septal apical to base longitudinal strain, and EFSR) area under the curve (AUC) receiver operating characteristic curve were constructed, and Youden index was used. To compute 95% confidence intervals (CI) of AUC, sensitivity, specificity, positive and negative likelihood ratios a bias-corrected bootstrap method with 10 000 resampling steps was implemented, as previously described. 9, 20 Comparison of the differential diagnostic capacity of the fore-mentioned indices was performed by means of multiple receiver operating characteristic curves comparison based on the methodology by Delong et al. 21 Finally, univariate and multiple logistic regression models were fitted so as to allow the identification of the best "predicting" model in the overall hypertrophic population and in the subgroups previously described (maximum wall thickness <16 mm and EF>55%). The selection of the best model was based on backward selection while in the multiple models EF and GLS were not included to avoid multicollinearity. Inter-and intraobserver variability for 2D speckle-tracking analysis and traditional parameters was performed in 20 patients and assessed using intraclass correlation coefficient. Inter-observer agreement for the existence or not of sparkling myocardium was based on κ statistic in a sample of 20 patients from our population. All statistical analyses were performed using SPSS statistics software (v 20.0, IBM, Chicago, IL) and Medcalc software (version 15.2.2, Ostend, Belgium). A 2-sided P value of <0.05 was considered statistically significant for all tests.
Results
Study Population
Demographic and ECG characteristics of the study population are summarized in Table 1 . Among hypertensive patients, 7 (35%) were taking β-blockers, 8 (40%) were on angiotensin converting enzyme inhibitors, 3 (15%) were on diuretics, and in total 16 (80%) were on any form of antihypertensive medication. In CA group, 25% of the patients were on cardioactive medication at the time of diagnosis, whereas 20 of 40 patients with HCM were taking β-blockers. Having calculated the sensitivity, specificity, AUCs, and cut-off values of systolic blood pressure and diastolic blood pressure to differentiate CA from other hypertrophic substrates in our population, we have found that systolic blood pressure showed an AUC, 0.76; 95% CI, 0.67-0.84; P<0.0001; cutoff ≤122 mm Hg; 95% CI, 106-125; sensitivity: 62.5%, specificity: 83.3%, positive likelihood ratio (+LR): 3.75 and −LR: 0.45 and for diastolic blood pressure AUC, 0.73; 95% CI, 0.63-0.81; P<0.0001; cutoff ≤74 mm Hg; 95% CI, 63-86; sensitivity: 67.5%, specificity: 68.3%, +LR: 2.13, and -LR: 0.48.
No specific ECG pattern was significantly differentiating between the "hypertrophy" groups. Low-voltage criterion was not significantly different between CA and HCM (P=0.12). CA and HCM groups were well matched for maximum and interventricular septal wall thickness; however, in hypertensive group, the magnitude of hypertrophy reached was significantly lower than in the other thickness groups (maximum thickness observed among all hypertensive patients enrolled was 15.9 mm). cardiovascular magnetic resonance findings in HCM and CA patients are reported in Table I in the Data Supplement.
Conventional Echocardiographic Parameters
Main echocardiographic functional and morphological findings are summarized in Table 2 . The CA group displayed a more advanced stage of diastolic dysfunction (based on mitral inflow and TDI indices assessment) and a slightly more impaired EF. The differentiating capacity of conventional echo parameters is displayed in Table 3 . Diastolic dysfunction grade showed an AUC, 0.72; 95% CI, 0.62-0.83; P<0.0005 for distinguishing CA. In addition, "sparkling" myocardium was present in 25% of patients with CA and 12.5% of patients with HCM; however, its assessment was subjective and prone to great interobserver variability (κ statistic=0.25, indicating a poor inter-rater agreement). Combination of ECG findings and LV mass index (voltage mass criterion) had a low sensitivity of 35% and high specificity of 95% (AUC=0.75). Finally, RV inferior wall thickening (>4 mm) was present in 25% of patients with amyloidosis, 15% with HCM, and in none of the patients with hypertension. Sensitivity for detecting amyloidosis by this parameter was 25%.
Echocardiographic Deformation Parameters
The group with CA presented with preserved LV twist, whereas all other strain values of the group with CA were constantly the lowest (ie, more positive values; Table 2 ; Figure 2 ). EFSR was significantly higher among patients with CA compared with other groups (5.5±1.5 in CA versus 3.7±0.5 in HCM ver- Table 4 .
Comparison of the AUCs of receiver operating characteristic curves for detecting CA in our population between deformation and nondeformation parameters is shown in Figure 3 . Overall, deformation parameters, and especially EFSR, showed higher AUCs and balanced high sensitivities and specificities, whereas nondeformation indices presented high specificities but low sensitivities with myocardial contraction fraction presenting the highest AUC among them.
Diagnostic Accuracy of Echo Parameters in Subgroups With Mild Hypertrophy (12-16 mm) and Normal EF (>55%)
Diagnostic accuracy of echo parameters in detecting CA among patients with mild hypertrophy (12-16 mm; n=46, CA=13) and in a subgroup with normal EF (>55%; n=67, CA=21) is displayed in Figures 4 and 5 (cutoffs, sensitivities, and specificities are displayed in Table II in the Data  Supplement) . EFSR in both cases presented the higher AUC. In the univariate and multiple logistic regression analysis (Table III in the Data Supplement), EFSR was the strongest predictor of CA. Among the nondeformation parameters, ECC IND was a strong predictor for detecting CA, also in patients with EF>55%. 
Differences in Diagnostic Performance for Detecting AL or ATTR Amyloidosis
Reproducibility
Analysis of the intra-and interobserver variability for the reassessed 20 subjects showed good correlations for both, the calculation of conventional echo parameters (average intraclass correlation coefficient, 0.93; 95% CI, 0.92-0.95 and 0.89; 95% CI, 0.82-0.94, respectively] and for strain measurements (average intraclass correlation coefficient, 0.84; 95% CI, 0.81-0.89 and 0.81; 95% CI, 0.8-0.86, respectively).
Discussion
Our study, based on a well-defined population with thickened hearts of different pathology, has widely compared the diagnostic accuracy of various echocardiographic parameters in detecting CA. We have shown that deformation parameters better differentiate CA from other hypertrophic substrates, also in "challenging" patients with mild hypertrophy or normal EF. Among deformation parameters, EFSR shows the best discriminating capacity.
Conventional Echo Parameters and Diagnosis of Amyloidosis
Echocardiography is a first-line screening tool for CA. Previous studies have suggested various conventional morphological or functional echocardiographic indices to depict CA cases. 6, 7, 22 These studies were mostly based either on sole CA populations or made comparisons between patients with possible or no cardiac infiltration. 5, 19, 23, 24 The few studies that have used a "wider" hypertrophic spectrum 8, 9, 25, 26 were restricted to a small number of echo parameters tested.
Our study has confirmed in a well-defined population with thickened myocardium that conventional echo parameters bear low accuracy, which is mostly driven by their low sensitivity. 23 However, some of these echo indices, especially E/E′ ratio, left atrial volume index and myocardial contraction fraction, have high specificity and could, thus, be used to "rule in" potential amyloidosis cases. 27 Among the conventional echocardiographic parameters, myocardial contraction fraction has shown the best accuracy. In addition, ECC IND proved to be the only significant conventional echo parameter to predict the existence of CA. It could be also argued that the generally more eccentric hypertrophy patterns in HCM can be easily differentiated from the more concentric pattern in CA, and that diagnostic dilemmas in such cases are easily solved by just investigating the hypertrophy pattern. However, this is not the case. In our group with HCM, ; Cut-off, values that distinguish best in our data set; DT, deceleration time; E/E′, early transmitral inflow wave E over early tissue Doppler imaging E′ wave of the mitral annulus; ECC IND, eccentricity index, (septal/posterior wall thickness); EF, ejection fraction; LAVI, left atrial volume index; MCF, myocardial contraction fraction; ROC, receiver operator characteristic; Sens, sensitivity; and Spec, specificity. patients with CONC HYP have also been included, whereas patients with hypertension presented mostly CONC HYP. Nevertheless and despite ECC IND showed a good accuracy, which was lower compared with deformation parameters.
Deformation Indices and Diagnosis of CA: Why EFSR?
Although traditional morphological and functional parameters show mostly a moderate accuracy, deformation parameters +LR indicates positive likelihood ratio; −LR, negative likelihood ratio; AUC, area under curve; Cutoff, values that distinguish best in our data set; CI, confidence intervals; EFSR, ejection fraction strain ratio; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; RELAPS, relative apical sparing (ratio of apical longitudinal /sum of base and mid longitudinal strain); ROC, receiver operator characteristic; SAB, septal apical to base longitudinal strain; Sens, sensitivity; and Spec, specificity.
*Cutoffs suggested in the literature. ; E/E′, early transmitral inflow E wave over early tissue Doppler imaging E′ wave of the mitral annulus; ECC IND, eccentricity index, (septal/posterior wall thickness); EF, ejection fraction; EFSR, ejection fraction strain ratio; HCM, hypertrophic cardiomyopathy; HT, hypertensive remodeling; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; LAVI, left atrial volume index; MCF, myocardial contraction fraction; RELAPS, relative apical sparing (ratio of apical longitudinal /sum of base and mid longitudinal strain); and SAB, septal apical to base longitudinal strain. combine higher sensitivities and specificities for the detection of amyloidosis. According to our results also, deformation indices perform even better in detecting cases of ATTR CA, where almost all classic echocardiographic parameters show weak accuracies.
Previous studies have suggested that either global deformation parameters 22, 25, 26 or the ratios of regional strain values (such as relative apical sparing or septal apical to base longitudinal strain) may have a better differentiating capacity in detecting and differentiating CA from other hypertrophic substrates, including HCM, hypertrophy in aortic stenosis, or metabolic cardiomyopathies, such as Fabry disease. 8, 9 However, all aforementioned conditions may present with regional impairment patterns that closely resemble CA.
Recently our group has suggested a novel index based on the observed dissociation of EF and GLS in CA. 10 In this direct comparison of the most frequently used diagnostic parameters, EFSR index showed the best discriminating capacity (Figure 2 ). The new index performed also well in challenging subgroups of hypertrophic patients, like those with mild hypertrophy or normal EF. We hypothesize that increased values of EFSR in patients with CA can be attributed to the reduced longitudinal deformation in EF, which is, in part, compensated by the preserved LV twist and the smaller (per level) percentile reduction of global circumferential strain as it was observed by us and others. 10, 28 These deformation characteristics would be also compatible with the observed double gradient of CA (apex-to-base 8, 24 and subepicardium to subendocardium), which indicates toward a stronger impairment of the subendocardial (right-handed helix) fibers.
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Study Limitations
Our study was retrospective in design, and the sub analysis of the patients with mild hypertrophy and normal EF is restricted to a fairly small group of patients. However, all our groups were strictly defined and the numbers of patients included is large compared with other studies investigating CA differential diagnosis.
Many other clinical parameters, including mass:voltage ratio may have an important differentiating capacity in the field of LV hypertrophy. However, a comparison between echo and clinical parameters is out of this article's scope. 2 ; E/E′, early transmitral inflow E wave over early tissue Doppler imaging E′ wave of the mitral annulus; ECC IND, eccentricity index, (septal/posterior wall thickness); EF, ejection fraction; EFSR, ejection fraction strain ratio; HCM, hypertrophic cardiomyopathy; HT, hypertensive remodeling; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; LAVI, left atrial volume index; MCF, myocardial contraction fraction; RELAPS, relative apical sparing (ratio of apical longitudinal / sum of base and mid longitudinal strain); and SAB, septal apical to base longitudinal strain.
Moreover, many clinical or other laboratory indices may not be applicable or known during an echocardiographic evaluation of a thickened heart. The specificity of E/E′ in our study was 100% for a cutoff value of 9.6. A relatively small sample size in combination with nonadvanced hypertensive heart disease might have ; E/E′, early transmitral inflow E wave over early tissue Doppler imaging E′ wave of the mitral annulus; ECC IND, eccentricity index, (septal/posterior wall thickness); EF, ejection fraction; EFSR, ejection fraction strain ratio; HCM, hypertrophic cardiomyopathy; HT, hypertensive remodeling; GCS, global circumferential strain; GLS, global longitudinal strain; GRS, global radial strain; LAVI, left atrial volume index; MCF, myocardial contraction fraction; RELAPS, relative apical sparing (ratio of apical longitudinal /sum of base and mid longitudinal strain); and SAB, septal apical to base longitudinal strain. Echo to Differentiate Thick-Heart Pathology contributed to the high specificity and "low" cut-off value of E/E′ observed. The low sensitivity of the parameter, however, confirms our notion that the overall accuracy of deformation parameters is superior.
The strain values of our study calculated were based on a single vendor's equipment. Although intervendor differences of GLS have been documented, 30 the relevance of this problem has not yet been studied in thickened hearts.
EFSR performance was tested among AL and ATTR type patients with CA, which are the most frequent pathological substrates in amyloidosis. The differential capacity of EFSR in AA amyloidosis and the extrapolation of our findings to this category need to be confirmed by further research. Additionally and despite their discriminative capacity between various hypertrophic groups, none of the evaluated echo parameters was able to distinguish between amyloidosis subgroups.
Finally and despite the efforts made, both longitudinal strain and, in particular, EF are subject to "noise" as it is revealed by their good but not perfect intraclass correlation coefficient. Therefore and although EFSR was highly discriminatory for CA, the reproducibility challenge needs to be taken into consideration, and the findings of this study need independent replication by other groups, preferably in an undifferentiated population, so as to further strengthen their validity and enhance their generalizability.
Conclusions
Our study demonstrated that in patients with thickened hearts, deformation parameters, and especially EFSR, have better accuracy in detecting CA. Although conventional echocardiographic parameters show high specificities, their accuracy to differentiate CA is modest. EFSR is a promising parameter also among "challenging" patients' subgroups as those with mild hypertrophy and normal EF. Finally, its diagnostic value is not dependent on the underlying amyloidosis type (AL or ATTR). 
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